-Estuarine crustaceans are often exposed to low dissolved O2 (hypoxia) accompanied by elevated CO2 (hypercapnia), which lowers water pH. Acclimatory responses to hypoxia have been widely characterized; responses to hypercapnia in combination with hypoxia (hypercapnic hypoxia) are less well known. Here we used oligonucleotide microarrays to characterize changes in global gene expression in the hepatopancreas of Pacific whiteleg shrimp, Litopenaeus vannamei, exposed to hypoxia or hypercapnic hypoxia for 4 or 24 h, compared with time-matched animals held in air-saturated water (normoxia). Unigenes whose expressions were significantly impacted by treatment and/or time were used to build artificial neural networks (ANNs) to identify genes with the greatest sensitivity in pairwise discriminations between treatments at each time point and between times for each treatment. ANN gene sets that discriminated hypoxia or hypercapnic hypoxia from normoxia shared functions of translation, mitochondrial energetics, and cellular defense. GO terms protein modification/ phosphorylation/cellular protein metabolism and RNA processing/ apoptosis/cell cycling occurred at highest frequency in discriminating hypercapnic hypoxia from hypoxia at 4 and 24 h, respectively. For 75.4% of the annotated ANN genes, exposure to hypercapnic hypoxia for 24 h reduced or reversed the transcriptional response to hypoxia alone. These results suggest that high CO2/low pH may interfere with transcriptionally based acclimation to hypoxia or elicit physiological or biochemical responses that relieve internal hypoxia. Whether these data reflect resilience or sensitivity of L. vannamei in the face of expanding hypoxic zones and rising levels of atmospheric CO2 may be important to understanding the survival of this and other estuarine species.
ORGANISMS THAT INHABIT COASTAL estuaries regularly experience bouts of low dissolved oxygen (hypoxia) often associated with high carbon dioxide (hypercapnia), which are driven mainly by tidal cycle, light cycle, and season (9, 65, 67, 73, 80) . Within the past three decades, anthropogenic factors, including contaminant loadings, nutrient runoff, and coastal development, have caused significant increases in the severity and duration of hypoxic events (21, 29, 41, 74) . Adding to this, anthropogenically derived CO 2 is projected to decrease oceanic pH drastically by 0.2-0.7 units during the coming century (10, 20, 77) and to amplify hypoxia in coastal habitats (59) . It is unclear how this increase in global atmospheric CO 2 will affect estuarine systems and their inhabitants, which already routinely experience daily pH changes in excess of 1.5 pH units over a single tidal cycle along both the southwestern and southeastern US coastlines (http://cdmo.baruch.sc.edu).
As an early response to environmental hypoxia, crustaceans attempt to maintain internal pools of oxygen by increasing ventilation and stroke volume (33, 53, 55, 58) . Anaerobic pathways for energy production may be induced (8, 66) . A broad range of other physiological and biochemical responses to hypoxia have been documented, including decreases in basal metabolism (3, 17, 35) accompanied by lower rates of protein synthesis (44, 60) or reduced membrane permeability (34, 36) . Consistent with these various strategies, crustaceans exposed to hypoxia experience altered levels of respiratory pigments, antioxidant proteins, as well as enzymes involved in glycolysis and amino acid and nucleotide metabolism (1, 5, 40, 81) . So too, disruption of extra-and intracellular acid-base balance during episodes of hypercapnia can affect general cellular metabolic processes and impair processes of oxygen transport, thermal tolerance, and growth rate (11, 24, 43, 54, 61, 62) . Changes in gene expression often underlie or reflect key physiological and biochemical acclimations to hypoxia in marine crustaceans, as verified by global transcriptome profiling by microarrays (4, 5, 19, 47, 48) . Transcriptional responses to hypercapnia are less widely reported for marine invertebrates (79) , while biochemical, physiological, and transcriptional responses to the naturally occurring combination of hypoxia and hypercapnia remain largely undescribed.
The current study was designed to characterize the transcriptional response to sublethal environmental hypoxia and hypercapnic hypoxia in juvenile L. vannamei. This economically valuable species inhabits coastal estuaries from Central to South America (37) and is targeted by global commercial fishery and aquaculture industries (http://www.fao.org/fishery/ species/3404/en). In L. vannamei, as in other decapod crustaceans, the hepatopancreas plays key roles in metabolism, secretion, storage, and detoxification and produces respiratory pigments, antioxidant proteins, and many enzymes involved in metabolism (1, 5, 40) . We used oligonucleotide microarrays designed from L. vannamei gene sequences to profile the transcriptome of the hepatopancreas in shrimp exposed to hypoxia or hypercapnic hypoxia for 4 h (resembling a typical tidal cycle) or 24 h (prolonged exposure). Data were initially filtered by ANOVA to identify those genes whose expression was significantly regulated as a function of time and/or treatment. The filtered data were subsequently analyzed with a supervised machine-learning algorithm, specifically feed-forward artificial neural networks (FFANN, or simply ANN as used here) to identify genes that were most sensitive to treatment conditions in each pair-wise comparison. This analysis treats the transcriptome as a highly interactive system rather than a collection of independent components and can detect the importance of small changes in the expression of genes such as those that encode proteins involved in signaling or transcriptional regulation that may have wide impacts on expression profiles, as discussed by Chapman et al. (14) . Cho and Won (15) have shown that ANNs provide superior classifications compared with most other techniques, and these have been used extensively in medical science to classify disease status based upon microarray gene expression profiles (18, 42, 49) . This approach also avoids the pitfalls associated with multiple test corrections such as the Benjamini and Hochberg (2) formulation. By applying ANNs to these microarray data, we attempted to identify and compare key changes that underlie the shrimp transcriptomic response to tidally driven versus prolonged exposure to hypoxia and hypercapnic hypoxia.
MATERIALS AND METHODS

Animal Holding and Control for Molt Stage
Juvenile shrimp were provided by the Waddell Mariculture Center (Bluffton, SC). All animals were kept in well-aerated, UV-sterilized recirculating seawater systems (30% salinity, 22-25°C, pH 7.9 -8.0) at the Hollings Marine Laboratory (HML, Charleston, SC) and were fed commercial shrimp pellets (Rangen, Buhl, ID) daily. Only shrimp 2-5 days postmolt (intermolt shrimp) were used in experiments. Each animal was confirmed to be in the early stage of anecdysis by histological analysis (12) .
Dissolved Gas Treatments, Tissue Dissection, and RNA Extraction
Gas treatments were administered to groups of three animals until a total of seven to nine animals had been exposed to each of the gas conditions (below) for 4 h. Similarly, a second set of seven to nine shrimp were exposed in groups of three to each of the gas conditions for 24 h. The order of treatments was random across all treatments and times. Each group of three shrimp was transferred from stock tanks into a single 42 l tank containing well aerated UV-sterilized seawater (20 kPa, 30% salinity, 25°C) in a temperature-controlled environmental chamber. Food was withheld for 24 h after transfer and then one of following gas conditions was applied for 4 or 24 h.
Hypoxia treatment. PO 2 ϭ 4.0 kPa, PCO2 Ͻ 0.06 kPa, and pH ϭ 7.8 -8.0.
Hypercapnic hypoxia treatment. PO 2 ϭ 4.0 kPa, PCO2 ϭ 1.8 kPa, and pH ϭ 6.8 -6.9.
Normoxia treatment. PO 2 ϭ 20.0 kPa, PCO2 Ͻ 0.06 kPa, and pH ϭ 7.8 -8.0.
These gas conditions are well within the normal range of conditions that routinely occur in tidal estuaries (http://cdmo.baruch.sc.edu) and aquaculture production ponds of Central and South America (E. de la Vega, 2010, personal communication). We achieved low oxygen in the hypoxia (H) and hypercapnic hypoxia (HH) treatments conditions by gassing the water intermittently with air using a system described previously (52, 63) . Briefly the oxygen demand of the shrimp and a gentle bubbling of the water with pure nitrogen lowered the oxygen pressures to the desired levels. Initial reductions in oxygen from air saturation occurred over a 20 -30 min period. The PO 2 of the water was monitored via an oxygen electrode (YSI model 58, Yellow Springs, OH) and data acquisition system (Sable Systems International, Las Vegas, NV); a small aerator was controlled by the data acquisition system to achieve and maintain the desired PO 2. In the hypercapnic hypoxia treatment, oxygen was controlled as above and hypercapnia was induced by gassing the water continuously with 2% CO 2 supplied by a Wösthoff (Bochum, Germany) gas mixing pump. In the hypoxia 4 h treatment, for example, the three shrimp were in the 42 l tank for 24 h; at time zero oxygen pressure was lowered (taking 20 to 30 min), and at 4 h shrimp were removed as described below.
Immediately following the applied treatment [H, HH, or normoxia (N)], shrimp were removed from their respective tanks, weighed, and then transferred to an ice-cold sterilized dissecting tray. Each animal was rapidly decapitated, and the posterior portion of the hepatopancreas (ϳ0.04 g) removed from each animal with sterilized dissecting scissors and forceps rinsed in RNase AWAY. All dissections were performed at the same time of day, to minimize possible circadian effects. Each dissection was completed and the corresponding tissue samples preserved in RNAlater (Qiagen) within ϳ1 min after the animal was removed from its exposure tank. RNA was extracted from individual preserved hepatopancreas samples using silica-membrane spin columns (Qiagen RNeasy Mini Kits, Qiagen), digested with DNase on-column, and eluted with 50 l of nuclease-free water. The eluate was divided into five aliquots and stored at Ϫ80°C. RNA yield and quality were determined with a microvolume spectrophotometer, ND 1000 (Thermo Scientific, Waltham, MA), and a bioanalyzer capillary RNA gel (Agilent, Santa Clara, CA). The gas exposures were repeated until seven to nine animals had been exposed to each gas condition for 4 and 24 h, and RNA had been individually extracted and preserved from the hepatopancreas of each animal.
Construction of L. vannamei Microarray
Custom 60-mer oligonucleotide microarrays were designed using the Agilent eArray application v. 5.3. In total, this L. vannamei oligonucleotide microarray contained 45,220 randomized features arranged in Agilent's standard 4 ϫ 44 k format (4 microarrays per slide). Probes were designed using 13,801 contig and 8,063 singlet sequences derived from expressed sequence tag (EST) libraries that were assembled from genes expressed in at least one of six L. vannamei tissues ( Table 1 ). The majority of ESTs (147,911) were obtained from hemocyte, gill, hepatopancreas, eye stalk, nerve cord, or lymphoid organ libraries created at the HML Genomics Core facility (Charleston, SC) from animals that were either verified specific-pathogen free or high-susceptibility reference stock lines (Oceanic Institute, Waimanalo, HI). The remaining 28,287 EST sequences were obtained from the National Center for Biotechnology Information (NCBI). Each probe represented a putative unigene expressed by L. vannamei and was present in duplicate on each array. Contig and singlet sequences were annotated and assigned ontologies as described below (Gene BLAST and Gene Ontology in B2G). An additional 1,417 Agilent positive and negative control probes were spotted on each microarray. Furthermore, 15 "noncontrol" probes representing L. vannamei unigenes were replicated 
RNA Labeling and Hybridization
A 600 ng sample of total RNA from the hepatopancreas of each individual animal (biological replicate) was amplified and labeled fluorescently with cyanine 3-CTP dye using a single Agilent Quick Amp labeling kit. Labeled cRNA (1.6 g) from each animal was purified, fragmented, and hybridized at 65°C for 17 h to an individual, custom-made oligonucleotide microarray following the manufacturer's protocol for One-Color Microarray-Based Gene Expression Analysis (Quick Amp Labeling, Agilent Technologies). Slides were washed then scanned using an Agilent DNA Microarray Scanner, model 2505B. This procedure was repeated to obtain individual microarray datasets from seven individuals in five of the treatment groups (H 4 h, H 24 h, HH 4 h, HH 24 h, and N 4 h) and six individual animals from the N 24 h treatment.
Data Quality Check, Filtering, and Normalization
All microarray hybridization data were extracted, quality checked, filtered, and normalized according to the recommended pipelines for Agilent platform microarrays in both Agilent Feature Extraction v10.7 (Agilent Technologies) and Rosetta Resolver 7.0 gene expression analysis software. This process involved preliminary signal processing based on the Ͼ1,600 controls printed on every array. These controls included multiple, replicate positive controls for both L. vannamei and Agilent spike-ins, which were used to assess labeling and hybridization efficiency and the dynamic signal range. After control probes and data points with high deviation in pixel intensity were removed, the processed signal was normalized using a mean value generated by a group-dependent, global scaling algorithm. The data underwent an Agilent-specific error-model based forward transformation to stabilize variance, the transformed data were detrended, inverse transformed, and imported into Rosetta Resolver (version 7.1, Rosetta Inpharmatics) (82) . Data from biological replicate arrays were combined (n ϭ 7 for each experimental group except N 24 h ϭ 6) for ratio application. Data and probe sequences from the arrays have been deposited in the NCBI Gene Expression Omnibus (http://www.ncbi. nlm.nih.gov/geo/) and may be accessed as query GPL9249.
Application of ANNs
We aimed to identify features of the hepatopancreas transcriptome that could distinguish animals that had been exposed to hypoxia or hypercapnic hypoxia for 4 h (simulating a tidal cycle) or for 24 h (chronic exposure), compared with each other or to normoxia controls. This hypothesis was tested by applying a traditional two-way, fixed-effects ANOVA to the entire microarray data set (MATLAB). Potential random effects of probe quality and animal variation were considered minimal, as probe quality was corrected by the errorweighting ANOVA in Rosetta Resolver and animals, taken from a highly inbred stock, were similar in age, size, molt stage, and sampled at the same time of day. This process selected genes from the ANOVAs in which treatment, time, or their interactions were significant at P Ͻ 0.05 without corrections for multiple testing. Multiple test corrections assume that the expressions of individual genes are independent of one another, while ANNs, as used in the next step of this analysis, look for interactions among genes. Subsequently, individual ANNs were used to assess the differences in expression profiles between nine biologically relevant, pairwise comparisons of the six experimental groups (Fig. 1 ). These included six ANNs discriminating treatments within each time point (abbreviated as H4hvN4h, HH4hvN4h, H24hvN24h, HH24hvN24h, HH4hvH4h, HH24vH24h) and three ANNs discriminating times within each treatment (abbreviated N24hvN4h, H24hvH4h, HH24hvHH4h). Each pairwise ANN was built with residuals extracted from the two-way ANOVA. Variance stabilizing normalization was applied to the residuals as implemented in the package "vsn" (39) and the intensities of the genes with identical BLAST (Blast2GO, v.2.3.5) descriptions were averaged prior to further analysis. For each pairwise ANN, the 250 genes with the greatest contribution to the model were selected and run through a second ANN and assigned sensitivities. The use of 250 genes to build such ANNs is heuristic; beyond this point, including greater numbers of genes increases the complexity of the models geometrically, while the information gained decreases (13, 14) . The selected genes were then mapped to the pairwise treatment, time combinations, and the observed versus predicted states analyzed via receiver-operator-characteristic curves (ROC) (13, 14) . The areas under the ROC curves and their standard errors were then calculated.
Gene BLAST and Gene Ontology in B2G
Genes from each pairwise ANN were imported into Blast2GO (B2G) v.2.3.5 for identification using the BLAST, GO-mapping, and InterProScan functions (16) . GO-mapping was performed for all significantly regulated genes, generally assigning level 6 terms from all three Gene Ontology (GO) libraries [Molecular Function (MC), Biological Process (BP), and Cellular Component (CC)] from each treatment group. Further gene functions were identified through Annex-based GO term augmentation (28) .
We used the Roff-Bentzen (68) 2 to test for significant enrichment of the most abundant GO level 6 terms assigned to the signature genes of each treatment group compared with the array probe set (see below Array Characterization). This 2 method uses a Monte Carlo technique to overcome the problem of small sample sizes (such as the small number of signature genes compared with the array set) that are associated with using traditional Fisher's exact test or 2 contingency tables for such applications.
Array Characterization
Identification, annotation, and GO mapping of L. vannamei unigenes represented on the microarray were also performed with B2G v.2.3.5 (28) . Of the 21,864 L. vannamei unigenes present on the microarray, only 29% had significant homology to characterized sequences available in NCBI. A total of 4,514 (21%) of the original unigene sequences could be mapped to GO terminology with evidence scores adequate to pass through the Annotation step in B2G. These comprised 3,036 unique sequence descriptions. The GO distribution (GOSlim level 2) among annotated probes was examined for each of the three GO categories. For GoSlim level 2 biological process, the four GO terms with the highest number of associated probes were metabolic process (2,472) cellular process (2,414), biological regulation (1,118), and regulation of biological process (1,100). Probes assigned to MF GO terms were overwhelmingly biased toward binding (2,986) and catalytic activity (2,102), while the majority of probes mapped to CC GO terms were assigned to cell (2,975), cell part (2,674), organelle (2,009), and to a lesser extent macromolecular complex (1, 149) . BP level 6 GO (not GOSlim) terms also were assigned to the array for purposes of gene enrichment analysis; 126 terms were assigned Ͼ25 times. Genes assigned to RNA metabolism (411) and regulation of gene expression (304) dominated the GO level 6 assignments. Other processes of regulation were also abundant, including those for cellular biosynthesis (270); macromolecule biosynthesis (263); and nucleobase, nucleoside, nucleotide, and nucleic acid metabolic process (hereafter "nucleic acid metabolism," 260). Translation (259) and protein modification process (265) comprised the remaining terms assigned Ͼ250 times.
Gene Expression Profiling With Quantitative PCR
Results from the microarray analysis were confirmed by measuring mRNA expression of six genes of interest (GOI) that displayed different patterns of regulation under the treatment conditions used in this study: cystathionine ␤-synthetase (CBS), asparagyl-tRNA synthetase (AsnRS), caspase 8 (Casp8), spastic ataxia of Charlevoix Saguenay (SACS), thioredoxin-2 (TXN-2), eukaryote translation initiation factor-2 (eIF2), as well as three potential housekeeping genes: elongation factor-1␣ (EF1␣), ␤-actin, and 18S rRNA (18S). Genespecific primers were designed using Primer Express software (version 2.0.0; Applied Biosystems, Foster City, CA). We optimized each GOI primer set for efficiency and specificity by running standard curves on a pooled normoxic cDNA sample so that the correlation coefficient R 2 Ͼ 97.5% and efficiency ϭ 97-111% (Amp ϭ 1.97-2.11) ( Table 2 ). We reversed transcribed 2 g of total RNA to cDNA for each of the 41 samples (n ϭ 6 each for N 24 h, n ϭ 7 each for other treatment groups) using an RNA-CT Kit (Applied Biosystems) according to manufacturer's instructions. Optimized quantitative PCR (qPCR) parameters (R 2 Ͼ 97.5% and efficiency ϭ 97-111%) for each GOI were conducted using diluted cDNA (at 1:5) and 12.5 l SyBr Green Master Mix (Applied Biosystems) to a final volume of 25 l were run as follows: 1 cycle of 95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C for 40 s, and 72°C for 40 s. RNA from each shrimp used in the microarray experiments was tested in triplicate, and the averaged C t values were normalized to the corresponding measured ␤-actin mRNA Ct value. ␤-Actin is commonly used as a control gene in qPCR, and specifically, ␤-actin mRNA expression did not change in response to hypoxia or hypercapnic hypoxia in the current experiment (as determined by qPCR, data not shown). Comparative C t method of analysis (2 Ϫ⌬⌬Ct ) was used to determine changes in gene expression between treatment groups and their time-matched normoxic controls. In all but one instance the direction and magnitude of gene regulation detected by qPCR analysis matched well with microarray data. Specifically, qPCR did not detect significant up-or downregulation of eIF2 in hypercapnic hypoxia 4 h but did confirm downregulation of this gene in hypoxia 24 h (Table 3) .
RESULTS
Experiment-Wide Analysis of Gene Expression
Unigenes represented on the array whose expressions were significantly affected by treatment, time, or treatment ϫ time (two-way ANOVA, P Ͻ 0.05) were used to build ANNs to identify the 250 genes with the greatest sensitivity in discriminating between each of the nine treatment/time pairs. A total of 795 probes contributed to the construction of these ANNs (Supplemental Table S1 ). 1 With the total sensitivity of each ANN set to 1.0, the average sensitivity of the 250 genes contributing to each ANN was 0.004 but ranged as high as 0.020 (MGID1021327, HH4hvH4h; Supplemental Table S1 ). When the observed versus predicted states were analyzed via ROC curves, the ANNs displayed high power to discriminate between the members of each pair, with ROC values Ն 0.97, except for the H4hvN4h and H24hvN24h ANNs, which had ROCs ϭ 0.86 (Fig. 1, Supplemental Table S1 ). This analysis identified high-impact features of the shrimp transcriptional response to hypoxia and hypercapnic hypoxia that were inde- 1 The online version of this article contains supplemental material. Tables S1, S2) . BP GO level 6 terms could be assigned to 109 of the informative genes; 17 terms dominated these profiles, appearing a minimum of five times in at least one of the ANNs (Figs. 2, 3 ). The frequency of assigned level 6 GO terms in part reflected the dominance of certain conserved functions on the shrimp array (Figs. 2, 3 ; additional description below). Nonetheless, when the terms with highest abundance (appearing Ͼ250 times on the array) were excluded from the enrichment analysis (Roff-Bentzen 2 ) the level 6 profiles for four of the nine ANN gene sets were significantly enriched relative to the array: H4hvN4h (P ϭ 0.023), N24hvN4h (P ϭ 0.043), H24hvH4h (P ϭ 0.024), and HH24hvHHh4 (P ϭ 0.031); two additional ANN gene sets approached significance: H24hvN24h (P ϭ 0.067) and HH24hvN24h (P ϭ 0.083).
Functions Associated With Informative Genes
The GO assignments for gene sets comprising the ANNs (Fig. 2, 3 ) are not appropriately calculated by traditional linear statistics. Instead, here we note certain features of the GO term profiles of the ANNs and look for congruence or lack of support among the highest sensitivity genes (sensitivities Ն 0.008, Table 4) .
Treatment comparisons at 4 h. Although RNA metabolism and translation were most abundant in the H4hvN4h ANN profile, all of the other dominant level 6 terms were well represented ( Fig. 2A) . Genes involved in translation [eukaryotic translation initiation factors 3 and 4 (eIF3, 4) (Table 4 ). Only 15 of the 17 dominant GO terms appeared in the HH4hvN4h profile, with most occurring at comparable or lower frequencies than in the H4hvN4h gene set (Fig. 2A) . Missing from the HH4hvN4h gene set were the terms carboxylic acid and ncRNA metabolism, which, in the H4hvN4h gene set, had been assigned to kynurinase (tryptophan catabolism) and three tRNA synthetases. Only four genes were highly sensitive in (Table 4) ; these represented two functions overlapping with the H4vN4 gene set mRNA splicing (cwc15 homolog) and translation [eukaryotic translation initiation factor 3 subunit b (eIF3b)]. Nascent polypeptide-associated complex subunit alpha (NACA), which is vital to protecting growing peptides as they emerge from the ribosome, and methyltransferase-like homolog also appeared as highly sensitive components of the HH4hvN4h ANN.
In the HH4hvH4h profile, six terms related to nucleic acid metabolism as well as M phase, transcription, and carboxylic acid metabolism were assigned 50% or less frequently than for H4hvN4h, while protein metabolism (protein modification, regulation of protein, and cellular protein metabolism), along with phosphorylation and regulation of cellular biosynthesis, were assigned in equal or slightly higher frequencies. Consistent with the abundance of protein metabolism in GO assignments, five of the seven annotated genes that were most sensitive in discriminating HH4hvH4h individuals are involved in protein modification [NACA and signal peptidase complex subunit 3 (SPC)], folding [selenoprotein t (SelT)], and degradation (two proteases), along with mitochondrial energetics [homolog of hϩ lysosomal accessory protein 2 (ATP6AP2)]. ATP6AP2 is associated with the transmembrane segment of vacuolar-type ATPases and is important to the acidification of intracellular compartments and cellular pH homeostasis (Table 4) .
Treatment comparisons at 24 h. The GO level 6 profile of the H24hvN24h ANN gene set generally resembled the H4hvN4h profile. However, the frequency of the term protein modification more than doubled from 7.5% (4 h) to 18.3% (24 h); these included four genes whose products are involved in ubiquitin-dependent protein catabolism and two genes for protein phosphatases. All 10 of the high-sensitivity H24hvN24h genes (Table 4 ) contribute to functions that overlap with the H4hvN4h gene set, with three involved in protein maturation [NACA, chondroitin 4-sulfotransferase (CST), and dolichyl pyrophosphate phosphatase (DOLPP)] and others in translation, mitochondrial energetics, and barrier formation/ immunity. All of the major GO level 6 terms occurred at comparable or lower frequencies in the HH24hvN24h profile compared with H24hvN24h (Fig. 2B) , with the term protein modification decreasing to 11.9 from 18.3%, respectively. Among the nine highly sensitive genes, SelT (protein maturation) and EF1-␥ (translation) contributed disproportionately to discriminating HH24hvN24h individuals with the highest sensitivities (Ͼ 0.018) among all annotated informative genes. A proapoptosis factor, growth and transformation-dependent protein (GATD), appeared as a highly sensitive discriminator in the HH24hvN24h ANN, as did a homolog of troponin t, which did not contribute to any other ANN (Table 4) .
Translation clearly dominated the HH24hvH24h ANN, being assigned to 12 of the 50 genes with level 6 terms (Fig. 2B) , including four tRNA synthetases and components of translation initiation, elongation, and termination. Carboxylic acid, ncRNA metabolism, and regulation of programmed cell death each were assigned to 10% or more of the all genes with level 6 terms, representing their highest frequencies among all the ANNs. Similarly, three of the 14 highly sensitive genes function in apoptosis or cell cycling (cyclin-dependent kinase p27, GATD, and tubulin; Table 4 ), suggesting important differences in the response of apoptosis/cell cycle genes to long-term hypoxia or hypercapnic hypoxia.
Time comparisons within treatments. While RNA metabolism, translation, and protein modification were the terms most frequently assigned to the N24hvN4h ANN gene set, DNA metabolism was assigned only once, to sirtuin-1, an NADdependent deacetylase that is induced by starvation and is considered a central player in antiaging phenomena (30) . Several other terms related to nucleic acid metabolism were assigned only twice (3.5%), including regulation of nucleic acid metabolism, ncRNA, and DNA-dependent transcription (Fig. 3) . Reflecting the GO profile, three of the four annotated genes with sensitivities Ն0.008 participate in translation (eIF4) or protein maturation (SelT, Hsp70), and none in nucleic acid processes.
In contrast, in the H24hvH4h GO profile, the terms regulation of nucleic acid metabolism, DNA transcription, and DNA metabolism more than doubled in abundance, while translation, regulation of protein metabolism, and cellular protein metabolism declined compared with the N24hvN4h ANN. Among the 11 high-sensitivity genes in the H24hvH4h ANN, three are important in mitochondrial energetics and others in transcription, protein maturation, and detoxification, but none plays a role in translation or protein degradation (Table 4 ).
In the HH24hvHH4h gene set, GO level 6 terms of RNA processing, M phase, and regulation of programmed cell death each were assigned to 10.6% of the annotated genes, representing their highest frequencies among the nine ANNs. Translation was assigned at its lowest frequency among the ANNs (10.6%), although only marginally lower than in the H24hvH4h profile. Only one of the eight high-sensitivity genes in the HH24hvHH4h ANN plays a role in translation [ribosomal protein s4 (RPS4)], and none participates in transcription or immunity/barrier formation. Others have functions in protein maturation and detoxification (GLXII), and one, NOP2, is an RNA methyltransferase involved in cell cycling.
Relative Expression
Genes contributing to the discriminatory power of the ANNs represent a broad but overlapping set of cellular functions, and many are involved in multiple ANNs (Table 4, Supplemental  Table S1 ). To examine how individual genes responded to treatment/time exposures we calculated the expression ratios for all annotated informative genes across all nine ANNs, such that the first member of a pair was normalized to the second member of the pair (Supplemental Table S2 ). Expression ratios were generally close to 1.0, with 98% of values ranging from 0.5 to 2.0 and approximately equal incidence of relative upregulation (Ͼ1.0) versus downregulation (Ͻ1.0). This was true even among those annotated genes with highest sensitivities (Table 4) , whose relative expressions ranged from 0.637 for troponin t (HH24hvN24h) to 1.646 for the protease GLEANR at H24hvN24h (Supplemental Table S2 ). From these expression ratios, we determined that for 45.4% of the annotated informative genes, concurrent exposure to hypercapnia enhanced, or synergized with, the transcriptional response to hypoxia alone. In the remaining 54.6% of the annotated informative genes, exposure to hypercapnic hypoxia for 4 h antagonized, that is reduced or reversed the direction of, the (Fig. 4 , Supplemental Table S2 ).
The same transcriptional antagonism was observed for 17 and 31 of the 40 high-sensitivity genes at the 4 and 24 h time points, respectively (Fig. 5) , affecting all of the major functional categories involved in the response to hypoxia. At 4 h of hypoxia exposure, all five of the high-sensitivity translation genes were downregulated; addition of hypercapnia reversed the hypoxia-mediated downregulation of eIF4 and RPS4. After 24 h exposure to hypoxia the patterns had reversed, such that hypercapnia synergized with the hypoxia-mediated upregulation of eIF4 and RPS4 but antagonized the effects of hypoxia on the expression of EF1␥, eIF3, and eIF3b. Among highly sensitive genes of the electron transport chain (ETC), NADH dehydrogenase (NAD1, complex I), and COX5b displayed parallel responses. Both were upregulated in hypoxia and hypercapnic hypoxia at 4 h and at 24 h compared with time-matched normoxia controls, but addition of hypercapnia dampened the response to hypoxia at both time points. Cytochrome b-c1 (complex III) was downregulated by hypoxia at 4 and at 24 h compared with normoxic controls; hypercapnic hypoxia reversed this effect, but only at the 24 h time point. Among the three other genes that function in mitochondrial energetics (ATP6AP2, AAT, and AK) 24 h exposure to hypercapnic hypoxia suppressed or reversed the response to hypoxia alone. The same was true for six of eight high-sensitivity genes involved in protein maturation, five of seven genes categorized by functions of barrier formation/immunity and detoxification, as well as the three apoptosis/cell cycle factors.
DISCUSSION
General Patterns of Gene Regulation
By coupling linear statistics with ANN analyses of microarray expression data, we have identified features of the shrimp hepatopancreas transcriptome that can reliably discriminate in pairwise comparisons whether animals have been exposed to hypoxia, hypercapnic hypoxia, or normoxia, within a given time point (4 h, 24 h) or between time points within each of the three treatments. This approach does not arbitrarily target any particular pathway or magnitude of change but provides an unbiased window on the features of the transcriptome that discriminate these treatment/time pairs.
Genes identified in the present study contribute to a wide variety of cellular metabolic processes, consistent with a strategy to lower ATP demand and protect against oxidative stress, as employed by other hypoxia-tolerant organisms (3, 17, 35) and reflected in the transcriptional and proteomic responses of mollusks and crustaceans (23, 40, 47) . This study also provides a first look at the transcriptional response of the shrimp hepatopancreas exposed simultaneously to hypercapnia and hypoxia, as routinely occurs in estuaries and in aquaculture. Hypercapnic hypoxia affects many of the cellular functions identified in echinoderm larvae exposed to CO 2 -driven acidification (79) . While our treatment of hypercapnia reflects conditions that shrimp would encounter in coastal waters in the wild or in aquaculture conditions, we are unable to separate specific effects of CO 2 from pH effects. The oxygen affinity of crustacean hemocyanins is generally highly sensitive to pH. In some cases, there is a separate and specific effect of molecular CO 2 independent of pH (54), but a CO 2 -specific effect does not appear to be present in the single species of penaeid shrimp (Farfantepenaeus duorarum) for which data are available (54) . Thus, we are not able to rule out independent effects of molecular CO 2 and pH in the present study.
While the present analysis did not rely on magnitude or direction of transcriptional responses to discriminate time/ . Green triangles denote synergistic responses, specifically, those genes for which relative expression in HH was in the same direction (either up-or downregulated) and exceeded the response to H alone. Yellow circles denote antagonistic responses, referring collectively to those genes whose relative expression in HH was muted or reversed compared with the response in H. treatment pairs, it is noteworthy that for most of the annotated genes that contributed to the ANN analysis, the transcriptional response to hypoxia compared with normoxia was antagonized, that is reduced or reversed, by concurrent exposure to hypercapnia (Figs. 4, 5) . These results lead to the possibility that elevated CO 2 /reduced pH might impair or reverse transcriptionally based acclimation responses to hypoxia. Alternatively, the data may reflect physiological or molecular responses to hypercapnia that relieve internal hypoxia and reduce the need for a transcriptional response to hypoxia.
Translation. The major ATP-demanding pathways are protein synthesis, the Na ϩ /K ϩ ATPase pump, protein degradation, and gluconeogenesis (36) . Accordingly, numerous translation initiation and elongation factors, as well as six tRNA synthetases, appeared among the genes that were informative in the ANNs (Supplemental Table S1 ). Four of the five high-sensitivity genes involved in translation, eIF4, EF1␥, eIF3, and eIF3b (Table 4) contribute to most or all nine of the ANNs. Of these, eIF4 mediates the rate-limiting step of translation initiation and is a target for hypoxia-induced suppression of protein synthesis in vertebrates (84) . Two probes for its binding protein eIF4eBP also were informative in multiple ANNs (Table 4, Supplemental Table S1 ). EF1␥ is responsible for the delivery of all aminoacyl-tRNAs to the ribosome, aside from initiator and selenocysteine tRNAs, but also appears to have multiple roles in nuclear export, cytoskeletal activity, and apoptosis (57) . And eIF3 is central to the translasome that physically links components of initiation, ribosome biogenesis, and elongation quality control and transport to facilitate efficient protein synthesis (72) . A 24 h exposure to hypercapnia suppressed or reversed the transcriptional responses of EF1␥, eIF3, eIF3b, and eIF4BP to hypoxia compared with normoxia controls (Fig. 5 , Supplemental Table S2 ), suggesting that high CO 2 /reduced pH may interfere with key points of translational control that are important to hypoxia tolerance.
Mitochondrial energetics. Mitochondrially encoded COX5b, NAD1, and cytochrome b-c1 (complex III) were highly sensitive discriminators in most of the ANNs, consistent with the change in ATP demand in hypoxia and the central role of mitochondrial metabolism in ROS generation, cellular signaling, and subsequent acclimation to hypoxia (71) . While the hypoxia sensitivity of these genes was previously reported in P. pugio (47) , the addition of hypercapnia clearly alters their transcriptional response to hypoxia. Hypercapnic hypoxia also muted or reversed the hypoxia-mediated transcriptional response of three other highly sensitive genes important to mitochondrial energetics that contributed to several ANNs (Table 4 ). ATP6AP2 was upregulated in H 24 h but downregulated in HH 24 h, consistent with a previously reported decrease in gill v-type Hϩ-ATPase in salmon exposed to hypercapnia (69) . AK, which replenishes phosphoarginine energy stores in crustaceans, is a prominently upregulated feature of the transcriptional and proteomic response to hypoxia in other crustaceans (40, 47) ; in the present study hypercapnic hypoxia dampened the hypoxia-mediated upregulation of AK. In addition to its function of moving ADP and ATP across the inner membrane of mitochondria, AAT is a key component of the mitochondrial permeability transition pore that can initiate cell death (32) . Thus, the downregulation of AAT in hypoxia and its reversal in hypercapnic hypoxia may have broad implication on processes of necrosis and apoptosis. (Fig. 5, Supplemental Table S2 ).
Protein maturation. Numerous genes encoding proteins involved in endoplasmic reticulum (ER)-localized protein modification and folding contributed to the ANNs. Notably, NACA, DOLPP, Hsp70, SelT, PDI, and PPIB were highly sensitive in multiple ANNs. Hypoxia downregulates NACA in mice, triggering ER stress and mitochondrial dysfunction resulting in apoptosis (38) , as observed in H 24 h in the present study. Alone among the high-sensitivity genes likely to participate in protein folding, the chaperone Hsp70 was upregulated Table 4. at H 24 h and further upregulated in hypercapnic hypoxia. In addition to their roles in protein folding and collagen synthesis, ER-resident proteins PDI and PPIB are components of prolyl-4 and prolyl-3-hydroxylases, respectively (56, 64) , and PDI is regulated in hypoxia/ischemia (78) . Furthermore, prolyl-4-hydroxylases are well known for their role in the regulation of HIF-1␣ levels (27) .
Other functions. Several genes controlling cell cycle progression or apoptosis contributed to multiple ANNs, such as p27, cyclin-dependent kinases 2 and 9, GATD, and defender against cell death (Table 4, Supplemental Table S1 ). Both p27, which blocks the G1/S transition (26) , and the proapoptotic GATD (45) are sensitive to hypoxia in mammalian cells.
Hypoxia and hypercapnic hypoxia can impair the ability of crustaceans to inactivate bacterial pathogens (7, 51) , but only one gene specifically associated with innate immunity, c-lectin, was sensitive in this pairwise analysis. However, two other genes encoding proteins that may serve as barriers against microbial infection, VOM1 and PMP (22, 76) , contributed to most of the ANNs. Genes involved in glycolysis and gluconeogenesis also were not frequently represented in the sensitivity analysis, with the exception of isocitrate dehydrogenase, carboxylase:pyruvate acetyl-coa propionyl-coa (pyruvate hydroxylase), enolase (ENO1) and phosphopyruvate hydratase (ENO2); the latter two have previously been identified as features of hypoxia tolerance in crustaceans (40) . This general lack of sensitive genes associated with anaerobic metabolism is consistent with the strategy of metabolic depression in response to hypoxia and other environmental stressors (9, 31) . However, genes associated with lipid metabolism appeared more frequently among the informative gene (although not among high-sensitivity genes), representing sterol, cholesterol synthesis, and leicopene synthesis, as well as multiple genes involved in fatty acid metabolism and lipid transport, as previously reported in P. pugio exposed to cyclic hypoxia (6) .
Signaling molecules and transcription factors were also abundantly represented among the informative genes identified by ANN analysis, including multiple protein phosphatases and kinases, ap-2 transcription factor, 14-3-3 zeta and mediator complex (Supplemental Tables S1, S2 ). It is evident that this analytical approach can identify small changes in the expression of signaling molecules and transcription factors that coordinate larger suites of responses to hypoxia and hypercapnic hypoxia through time.
Of the 23 probes on the array annotated as hemocyanin, seven showed significant effects of normoxia versus hypoxia in the initial two-way ANOVA, consistent with upregulation of multiple hemocyanin genes in grass shrimp P. pugio following 24 h exposure to hypoxia (40, 47, 48) . However, in the current ANN analysis only two probes for hemocyanin (MGID388401 and MGID405503) were informative, where they both played a role in discriminating HH24hvH24h individuals. This markedly different response of genes homologous to hemocyanin to hypoxia versus hypercapnic hypoxia suggests that hypercapnia might alter oxygen delivery to tissues.
Although HIF-1␣ is modulated in L. vannamei exposed to hypoxia, (75) , the HIF-1␣ homolog present on the shrimp microarray was not identified as a treatment sensitive gene in any of these pairwise comparisons. This is not to say that HIF-␣ is not an important modulator of the response to hypoxia, but that it is not as important a discriminator of hypoxia as other genes. In other words, HIF-␣ did not rise to one of the 250 selected genes based upon the sensitivity analysis. Thirteen of the 28 HIF-1 target genes summarized by Semenza (70) were also present on the shrimp microarray but did not contribute to the discriminatory power of any of the nine ANNs. One of the validated HIF targets detailed by Wenger et al. (83) , glutathione peroxidase (GPx), appeared in the H24hvN24h ANN gene set. Still, several other HIF-1-responsive genes were identified by this ANN analysis, among them being COX5b (25) , enolase (46) , Hsp70 (50), the proapoptotic GATD (45) , as well as several dioxygenases that contribute to the regulation of the global metabolic rate (85) . The fact that HIF-␣-responsive genes were important discriminators of hypoxia, while HIF-␣ was not, may be enlightening. It could indicate that very small changes in a key regulator may go unnoticed in the analysis, but the downstream effector genes will suggest its activity and regulation of the acclimation process.
Within each gas treatment, the ANN analysis also identified gene sets that could readily distinguish between animals that received tidal (4 h) versus chronic (24 h) treatment exposures. That the genes for each of these time comparison ANNs could be assigned to many of the same biological process categories speaks to the widespread metabolic effects of hypoxia and hypercapnic hypoxia, as well as the importance of diurnal rhythms at the molecular level. Under the fully air-saturated conditions of normoxia, genes encoding proteins that function in translation, protein modification, and folding were abundant and highly sensitive in distinguishing time points. In contrast, among the genes that were most sensitive in distinguishing between 4 h versus 24 h exposure to hypoxia, functions of DNA metabolism and DNA-dependent transcription were more abundant and translation less dominant, suggesting a strategic change in the importance of regulating mRNA pools between the two time points. In ANNs discriminating animals exposed to hypercapnic hypoxia for 4 h or 24 h, genes involved in mitosis and programmed cell death appeared in their highest frequencies among the nine ANNs. This pattern, consistent with increased levels of apoptosis, may reflect a high CO 2 -mediated impairment of transcriptionally based acclimation responses to hypoxia, which may have detrimental consequences for the survival of the cell and organism.
Conclusions
The present study demonstrated that the shrimp transcriptome displays a broad and dynamic response to hypoxia and to hypercapnic hypoxia, dominated by strategic regulation of energy consumption involving protein synthesis, posttranslational modification, and mitochondrial energetics, as well as protective mechanisms of protein folding, detoxification and barrier formation. The ANN analysis also revealed transcriptomic signatures that readily discriminate 4 and 24 h treatment groups, indicating that shrimp are capable of rapid acclimation to the physical environment and thus tolerance to tidal cycles may be reflected in their transcriptomic signatures. However, hypercapnia in association with hypoxia, which commonly occurs in estuarine environments, muted or reversed the transcriptional response to hypoxia alone, particularly after 24 h exposures. These data raise the possibility that physiological and/or molecular responses to hypercapnia interfere with ac-climation to hypoxia. Or, perhaps, hypercapnia/low pH enhances oxygen delivery to tissues thereby reducing damaging effects of hypoxia. These data also point to the importance of determining whether transcriptional changes identified by the ANN analysis alter gene products or physiological function during hypoxia/hypercapnia. Anthropogenic augmentation of atmospheric CO 2 and its increasing sequestration into ocean waters could cause conditions of hypercapnia and hypoxia to become more severe in magnitude and duration in estuarine ecosystems. Understanding the consequences this may have on L. vannamei will be imperative to conservation of this and other economically important marine species.
